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One  thousand-hour  continuous  test  of  a  propane-fueled  portable  solid  oxide  fuel  cell  (SOFC)  based  hot 
zone  has  been  successfully  performed  in  order  to  assess  the  degradation  characteristics  of  its  performance. 
Comparing  the  different  operating  modes,  the  degradation  rate  based  on  constant  current  mode  was 
three  times  lower  than  that  based  on  constant  voltage  mode.  The  stack  power  output  initially  increased 
3.7%  during  the  first  34  h  probably  due  to  electrode  activation  processes  improving  cell  performance 
under  polarization  during  the  early  stage  of  operation,  and  then  gradually  decreased.  It  has  been  clearly 
illustrated  that  operating  condition  of  constant  current  is  more  beneficial  to  the  long  term  performance 
test.  Further,  based  on  thermodynamics  analysis,  the  electromotive  force  of  nickel  oxidation  is  13.2  V  for 
the  stack  voltage  at  the  stack  temperature  of  740  °C.  From  the  initial  current-power  curve  data,  it  can  be 
derived  that  if  the  hot  zone  durability  test  was  performed  at  constant  current  of  9  A  from  the  beginning, 
the  stack  degradation  rate  would  be  15%  per  lOOOh.  The  1000-h  durability  test  and  analysis  can  better 
understand  how  to  run  longer  term  stability  on  the  hot  zone  and  guide  the  optimization  of  hot  zone 
operating  conditions. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  depletion  of  the  fossil  energy  resources  and  the 
increasingly  global  environmental  concerns,  high  efficiency  and 
environmental-friendly  technologies  for  electricity  generation  are 
becoming  an  intensive  demand.  Solid  oxide  fuel  cells  (SOFCs)  based 
on  ceramic  electrolytes  can  be  fabricated  with  cost  effective  mate¬ 
rials  for  catalysts,  electrolytes,  interconnects  and  other  structural 
components  [1-6].  Moreover,  SOFCs  are  fuel  flexible  and  can  be 
operated  on  H2,  CO,  gasified  coal  gas,  and  short  chain  hydrocar¬ 
bons.  Due  to  these  advantages  [7],  there  are  several  promising  SOFC 
applications,  such  as  auxiliary  power  units  (APUs)  and  residential 
power  generators.  Recently,  portable  SOFC  applications  have  been 
extensively  studied  [4,5,8]. 

Of  the  fuel  choices  available  for  portable  fuel  cell  power  appli¬ 
cations,  propane  is  particularly  attractive  because  it  is  widely 
available  and  has  a  sufficiently  high  vapor  pressure,  and  can  also 
be  readily  stored  with  high  energy  density  at  room  temperature 
(46.4  MJ  kg-1 )  as  a  liquid  phase  under  moderate  pressure  (ca.l  0  atm 
at  room  temperature),  being  considerably  much  higher  than  that 
for  methanol  (19.9  MJ  kg-1)  [9-15].  Consequently,  propane-fueled 
SOFC  portable  generators  have  significant  advantages  over  direct 
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methanol  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  gener¬ 
ators. 

Long-term  stability  is  an  important  requirement  for  the  SOFC 
application.  The  total  performance  degradation  rate  of  the  SOFC 
hot  zone  under  constant  operating  conditions  is  the  sum  of  contri¬ 
butions  from  all  components,  including  anode,  cathode,  electrolyte 
of  the  cell,  sealing,  as  well  as  auxiliary  components  [16,17].  For 
cell  components,  many  degradation  mechanisms  have  been  dis¬ 
cussed  in  literatures,  such  as  the  enrichment  of  impurities  at  the 
three-phase  boundary  [18],  high  resistive  layers  produced  by  reac¬ 
tions  between  components,  the  failure  of  the  anode  caused  by 
carbon  deposition  or  sulfur  poisoning  when  directly  using  hydro¬ 
carbons  as  fuel,  the  coarsening  of  Ni  particles  [19,20],  Cr  poisoning 
at  the  cathode  side  caused  by  the  Cr  in  interconnects,  changes  of 
the  microstructure  in  the  cathode  [21]  and  delamination  caused 
by  thermal  stress  continuously  generated  due  to  differences  in 
thermal  expansion  coefficients  (TECs)  of  neighboring  cell  layers. 
Besides  degradation,  initial  activation  processes  leading  to  cell 
performance  enhancement  could  also  overlap  with  the  degrada¬ 
tion  under  polarization,  resulting  in  more  difficultly  in  evaluating 
reliability.  The  operating  conditions  also  affect  these  mechanisms 
differently.  However,  the  reliability  of  high  performance  SOFC  hot 
zone  must  be  better  understood  in  order  to  effectively  develop  and 
deploy  SOFCs  as  power  sources.  Despite  efforts  from  many  research 
groups  to  study  performance  on  single  cells,  it  is  very  difficult  to 
guarantee  reliability  because  of  including  many  complex  issues 
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[7,22-24].  Achieving  reliability  for  portable  applications  of  SOFCs 
during  long-term  operation  is  necessary  due  to  lack  of  available 
reports  on  this  topic  in  the  literature. 

In  the  present  study,  1000-h  long-term  characteristics  of  a 
propane-fueled  and  thermally  self-sustained  SOFC  hot  zone  tested 
under  constant  operating  conditions  have  been  evaluated  as  a 
function  of  hot  zone  temperatures,  currents  and  voltages.  Degrada¬ 
tion  rates  are  evaluated  under  corresponding  operating  conditions. 
The  objective  of  this  work  is  to  establish  some  general  degrada¬ 
tion  mechanisms  for  a  propane-fueled  and  thermally  self-sustained 
SOFC  hot  zone. 

2.  Experimental 

A  test  station  (500 W)  from  TesSol®  was  configured  and 
employed  for  evaluating  the  fuel  cell  hot  zone  performance.  The 
compact  500  W  test  stand  with  load  bank,  fuel  and  gas  delivery 
units,  six  temperature  monitoring  channels  and  data  acquisition 
software  was  utilized  to  evaluate  stack  and  record  data.  A  95-lb. 
cylinder  with  instrument-grade  propane  (99.5%)  ordered  from  Air- 
gas  was  utilized  for  all  the  tests.  No  sulfur  was  present  in  the  95-lb. 
cylinder  according  to  the  analytical  results  provided  by  the  vendor. 
Impurities  of  the  propane  were  carbon  dioxide  (1  ppm),  oxygen 
(5  ppm),  nitrogen  (lppm),  propylene  (46  ppm),  other  hydrocar¬ 
bons  (638  ppm)  and  water  (3  ppm).  The  compressed  Air  was  filtered 
prior  to  introducing  to  cathode  and  anode  in  the  hot  zone  testing. 

Due  to  direct  utilization  of  higher  hydrocarbons  (e.g.  propane)  as 
the  fuel  in  SOFCs  having  caused  severe  carbon  deposition  and  rapid 
deactivation  of  electrode,  hydrocarbon-fueled  SOFC  systems  will 
therefore  require  a  fuel  processing  system,  such  as  steam  reform¬ 
ing  and  partial  oxidation,  converting  hydrocarbons  to  a  mixture  of 
hydrogen  and  carbon  monoxide  prior  to  feeding  to  SOFC  stacks  and 
effectively  avoiding  carbon  deposition.  The  catalytic  partial  oxida¬ 
tion  (CPOX)  utilized  in  the  present  hot  zone  was  the  most  suitable 
for  portable  power  applications.  In  this  case,  when  a  stream  of 
propane  is  mixed  with  an  air  stream,  the  following  reaction  would 
take  place: 

C3H8  +  1 .502  +  6N2  4H2  +  3 CO  +  6N2  (1 ) 

The  hot  zone  consisted  of  the  stack,  catalyst  reformer  unit, 
tail  gas  combustor  (TGC)  and  thermal  insulations.  The  stack  was 
assembled  from  18  micro-tubular  SOFCs  (nickel-based  and  anode- 
supported)  in  a  serial  connection.  A  CPOX  reformer  was  integrated 
into  the  hot  zone  to  reform  the  propane  fuel.  The  reformate  fuel 
contained  approximately  29%  FI2  and  21%  CO.  At  initial  startup,  the 
fuel  was  combusted  together  with  the  gas  from  the  cathode  in  TGC. 
The  heat  produced  in  the  flue  gas  stream  was  utilized  to  pre-heat 
the  inlet  air  and  the  hot  zone  to  reach  the  appointed  temperature 
during  start-up. 

Unless  where  they  are  specified,  the  following  operating  condi¬ 
tions  were  applied  for  evaluating  the  hot  zone.  Fuel  flow:  C3H8 
of  0.43  SLPM  with  CPOX  air  of  3.45  SLPM;  cathode  air  flow:  16 
SLPM.  The  hot  zone  was  characterized  in  a  hood,  including  start 
up,  voltage-current/power  (IV/IP)  curve  determination  at  different 
running  terms  and  1000  h  long  term  test. 

3.  Results  and  discussion 

3.1.  Characteristics  of  hot  zone  startup  and  initial  performances 

The  hot  zone  was  tested  in  the  hood.  First,  it  was  started  up  by 
lighting  the  fuels  to  generate  the  initial  heat  needed  to  warm  up 
the  catalyst  reformer.  Once  the  CPOX  reactor  reached  the  working 
temperature,  the  heat  from  exothermic  catalytic  reactions  plus  the 
heat  from  exhaust  combustions  would  provide  sufficient  heat  to 


Fig.  1.  Hot  zone  performance  and  CPOX,  stack  &  TGC  temperature  in  hot  zone  fueled 
by  C3H8  during  startup. 


Fig.  2.  Performance  of  hot  zone  at  the  50th  min,  C3H8  of  0.43  SLPM  with  air  of  3.45 
SLPM  for  fuel  and  cathode  air  flow  rate  17  SLPM  for  oxidant. 


keep  the  hot  zone  thermally  self-sustained.  The  operating  param¬ 
eters  such  as  O/C  ratio  and  air  flow  rate  could  be  adjusted  in  order 
for  the  stack  temperature  to  be  stable  at  the  desired  point. 

The  hot  zone  was  successfully  tested  on  its  startup  char¬ 
acteristics  and  initial  IV/IP  performance  characteristics.  The 
characteristics  of  the  hot  zone  at  the  startup  stage  were  shown 
in  Fig.  1,  including  the  CPOX,  stack  and  TGC  temperature  varia¬ 
tions  during  startup.  The  startup  characteristics  of  the  hot  zone 
were  observed  as:  the  TGC  temperature  increased  to  over  720 °C 
within  7  min;  10  min  were  needed  for  the  CPOX  temperature  to 
reach  487  °C;  and  the  stack  temperature  rose  gradually  to  700  °C 
within  31  min.  The  operating  voltage  was  set  close  to  open  circuit 
voltage  during  the  start-up.  In  the  beginning  stage,  the  IV  and  IP 
performance  were  obtained.  The  fluctuations  until  150  min  were 
caused  due  to  the  stack  performance  testing. 

After  the  stack  temperature  was  stabilized  around  740  °C, 
VI/VP  performance  curves  were  conducted  at  the  50th  min  and 
the  70th  min.  Performance  characteristics  of  the  hot  zone  at  the 
50th  min  and  the  70th  min  were  shown  in  Figs.  2  and  3,  respec¬ 
tively.  The  operating  conditions  for  the  hot  zone  performance  test 
were  similar:  fuel  flow  for  them  was  both  C3  FI8  of  0.43  SLPM  with  air 
of  3.45  SLPM  for  CPOX  reaction;  cathode  air  flow  rate  was  1 7  SLPM 
for  the  50th  min  test  and  21  SLPM  for  the  70th  min  test.  The  max¬ 
imum  output  powers  of  the  hot  zones  were  152  W  and  157W  for 
the  two  tests,  respectively.  The  fuel  utilization  referred  to  reformate 
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Current  (A) 

Fig.  3.  Performance  of  hot  zone  at  the  70th  min,  C3H8  of  0.43  SLPM  with  air  of  3.45 
SLPM  for  fuel  and  cathode  air  flow  rate  21  SLPM  for  oxidant. 


Current  (A) 


Fig.  5.  Performance  of  hot  zone  at  the  100th  h,  C3H8  of  0.42  SLPM  with  air  of  3.36 
SLPM  for  fuel  and  air  flow  rate  19  SLPM  for  oxidant. 


Fig.  4.  Performance  of  hot  zone  tested  at  the  19th  h,  C3H8  of  0.42  SLPM  with  air  of 
3.36  SLPM  for  fuel  and  cathode  air  flow  rate  19  SLPM  for  oxidant. 


Fig.  6.  Performance  of  hot  zone  at  the  240th  h,  C3H8  of  0.42  SLPM  with  air  of  3.36 
SLPM  for  fuel  and  air  flow  rate  19  SLPM  for  oxidant. 


utilization: 

OC  Ratio  A*r  FU6^  ^°W  X  0,42  0-^4  x  Air  Fuel  flow 

_  (3  x  Propane  flow)  -  Propane  flow 

At  20  °C  of  the  environmental  temperature 

Uf  =  Current  x  18  x  7.6/((10  -  3  x  OC-Ratio) 

x  Propane  flow  x  1000) 


(2) 


(3) 


The  maximum  fuel  utilizations  were  over  60%  for  them.  The  tem¬ 
peratures  at  stable  operating  conditions  were  740  °C  (stacks), 
620  °C  (CPOX)  and  690  °C  (TGC).  The  performance  at  the  70th  min 
was  slight  higher  than  that  at  the  50th  min.  Although  the  hot  zone 
temperature  was  stable,  the  SOFC  stack  performance  still  increased 
slightly.  It  illustrated  that  activation  processes  improving  cell  per¬ 
formance  occurred  under  polarization  during  the  initial  stage. 


00  24  48  72  96  120 


Time  (h) 


3.2.  One  thousand-hour  long  term  characteristics  of  hot  zone 

After  performance  tests  at  startup,  1000-h  long-term  durability 
on  performance  was  evaluated.  The  long-term  stability  was  evalu¬ 
ated  under  constant  currents  (11 A  or  9  A),  as  shown  in  Figs.  4-11. 
The  1 000-h  continuous  test  was  achieved.  The  IV/IP  performance  of 
hot  zone  for  long  term  test  was  evaluated  at  the  1 9th  h,  the  1 00th  h 
and  the  240th h  according  to  the  following  operating  conditions: 
C3H8  fuel  flow  was  0.42  SLPM  with  air  of  3.36  SLPM  for  the  CPOX 
reaction  and  cathode  air  flow  rate  was  19  SLPM.  The  results  for 


Fig.  7.  Hot  zone  performances,  stack,  CPOX,  TGC,  outlet  of  hot  zone  and  room  tem¬ 
peratures  for  120  h  operation,  C3H8  flow  of  0.42  SLPM  with  CPOX  air  of  3.36  SLPM 
for  fuel  and  air  of  19  SLPM  for  oxidant. 

performance  tests  at  the  19thh,  the  lOOthh  and  the  240th  h  were 
shown  in  Figs.  4-6.  The  maximum  power  outputs  at  the  1 9th  h,  the 
lOOthh  and  the  240th h  were  162W,  163W  and  159W,  respec¬ 
tively. 

Fig.  7  showed  the  hot  zone  performance,  stack,  CPOX,  TGC,  outlet 
of  hot  zone  and  room  temperatures  during  the  first  120h  opera¬ 
tion.  The  stack  temperature  was  held  at  about  740  °C  during  the 
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Fig.  8.  Performance  analysis  of  hot  zone  at  the  100th  h  and  the  240th  h. 


first  120  h  operation,  without  changing  operating  conditions  (C3H8 
of  0.42  SLPM  with  3.36  SLPM  CPOX  air  for  fuel  flow  and  air  of  19 
SLPM  for  cathode  oxidant).  From  Fig.  7,  it  was  found  that  operating 
temperatures  of  all  components  were  fluctuating  with  time.  The 
room  temperature  has  variations  during  the  day  and  night  alterna¬ 
tion.  When  the  room  temperature  decreased,  it  was  found  that  the 
CPOX  temperature  also  deceased  and  TGC  temperature  increased. 
Moreover,  the  variations  of  CPOX  temperature  and  TGC  temper¬ 
ature  showed  opposite  trends  during  the  overall  testing  process. 
Meanwhile,  both  the  stack  power  and  stack  temperature  showed 
the  similar  trend  with  the  variation  of  TGC  temperature  after  the 
19th  h,  i.e.,  higher  stack  temperature  resulting  in  higher  stack  per¬ 
formance.  During  the  first  19h,  the  CPOX  and  stack  temperatures 
were  both  decreasing  as  a  function  of  the  operating  time.  This  might 
be  due  to  the  fact  that  the  fan  of  the  hood  stopped  working  during 
stack  operation,  causing  a  reduction  in  oxygen  intake  to  the  CPOX 
in  hot  zone,  and  consequently  decreasing  the  CPOX  temperature. 

Fig.  8  showed  the  performance  analysis  of  hot  zone  at  the 
100th  h  and  the  240th  h.  From  Fig.  8,  the  different  operating  modes 
including  constant  current  and  constant  voltage  were  compared 
for  the  evaluation  of  the  degradation  behaviors  of  the  stack.  Points 
A  and  D  showed  the  current  values  under  the  same  stack  volt¬ 
age  for  the  two  tests.  The  stack  currents  were  11 A  at  100  h  and 
10.5  A  at  240  h  under  same  stack  voltage  of  13.2  V  based  on  the 
two  IV  curves.  Points  C  and  E  showed  the  power  values  under  the 


same  stack  voltage  of  1 3.2  V.  The  degradation  according  to  the  con¬ 
stant  stack  voltage  was  32.5%  per  lOOOh.  Points  C  and  B  showed 
the  power  values  under  the  same  stack  current  of  11  A,  145.2  W 
for  testing  at  the  lOOthh  and  143W  for  testing  at  the  240th  h. 
The  degradation  according  to  constant  stack  current  was  10.8%  per 
lOOOh.  The  results  illustrated  that  the  degradation  based  on  con¬ 
stant  current  mode  was  three  times  lower  than  that  using  constant 
voltage  operating  mode.  Moreover,  the  constant  current  mode  can 
readily  maintain  consistent  fuel  utilization  and  uniform  reaction 
conditions  nearby  triple  phase  boundaries  of  the  anode. 

Fig.  9  showed  the  hot  zone  performance  and  the  stack  temper¬ 
ature  of  lOOOh  long  term  test.  Fig.  10  further  showed  the  detailed 
analysis  for  hot  zone  durability  tests.  The  stack  power  initially 
increased  3.7%  during  the  first  34  h  due  to  activation  processes 
improving  cell  performance  under  polarization,  and  then  gradu¬ 
ally  decreased  at  a  rate  of  1 .7%  per  1 00  h  till  the  3 1 3th  h  at  constant 
current  of  1 1  A.  Because  of  the  unpredicted  sharp  performance  drop 
afterwards,  the  operating  current  was  changed  from  1 1 A  to  9  A  at 
the  331thh  to  avoid  the  oxidation  of  nickel  under  low  operating 
voltage.  Fig.  11  showed  the  load  change  at  the  331thh,  where  the 
stack  current  was  changed  from  1 1 A  to  9  A.  Moreover,  holding  at 
a  constant  voltage  mode  of  13.2  V  produced  a  sharp  degradation  of 
207%  per  1 00  h  at  the  331  th  h.  Therefore,  the  constant  current  mode 
was  still  chosen  for  the  remaining  long  term  test.  It  clearly  illus¬ 
trates  that  constant  current  operating  condition  is  more  beneficial 
to  long  term  test. 

To  further  understand  nickel  oxidation  under  low  operating 
voltages  from  thermodynamics  point  of  view,  plotted  in  Fig.  12  is 
the  electromotive  force  of  nickel  oxidation  (ENi)  representing  the 
Ni-NiO  equilibrium,  below  which  the  oxidation  of  Ni  taking  place. 
ENi  was  calculated  based  on  Eqs.  (4)  and  (5).  Due  to  solid  Ni  and  NiO, 
the  ENi  is  only  dependent  on  T  when  fixing  oxidant  such  as  ambient 
Po2  (0.21  atm),  but  independent  on  Ph2.  It  can  be  seen  that  the  cell 
voltage  for  nickel  oxidation  becomes  invariant  in  an  SOFC.  From 
Eq.  (5),  it  was  concluded  thatENi  was  0.73  V  for  a  single  cell  (13.2  V 
for  the  stack  voltage)  at  stack  temperature  of  740  °C.  When  stack 
voltage  was  below  13.2  V,  Ni  might  be  oxidized  based  on  the  above 
analysis.  Therefore,  the  operating  condition  was  adjusted  when  the 
stack  voltage  reached  13.2  V. 

Ni(s)  +  l/202(g)  =  NiO{s) 

A G°  =  -234,122  +  85.15  x  T  (298-1725  K)  (4) 

£Ni(V)  =  1.2132-4.7487  x  10"4  x  T(K)  (5) 
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Fig.  9.  Hot  zone  performance  and  stack  temperature  of  1000  h  long  term  test. 
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Fig.  11.  Load  change  at  the  331th  h. 
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Fig.  13.  Effect  of  load  bank  on  current  and  voltage. 


After  reducing  the  stack  operating  current  from  1 1 A  to  9  A,  the 
stack  performance  degraded  at  a  rate  of  1 7%  per  1 000  h  until  reach¬ 
ing  lOOOh  operating  time.  From  the  initial  current-power  curve 
data,  124.42  W  at  9  A,  and  the  power  of  105.8  W  at  the  1 000th  h  at 
9  A,  it  can  be  estimated  that  if  the  durability  test  was  operated  at 


Temperature  (°C) 

Fig.  12.  Variations  of  electromotive  force  of  Ni  oxidation  (ENi)  with  temperature 
variation. 


constant  current  of  9  A  from  the  beginning,  the  stack  degradation 
rate  would  be  ( 1 24.42-1 05.8)/l 24.42  =  1 5%  per  1 000  h. 

From  Fig.  7,  a  relative  wide  line  for  the  recorded  power  can  be 
found.  Therefore,  the  effect  of  load  bank  on  the  recorded  currents 
and  voltages  was  also  investigated.  Fig.  13  showed  the  effect  of 
load  bank  on  currents  and  voltages.  When  current  was  set  at  1 1  A, 
the  current  value  can  be  changed  between  11.05  A  and  10.93  A. 
The  changing  value  was  0.1 2/1 1  =  1 .1%.  For  voltages,  the  fluctuated 
range  was  0.045/13.3  =  0.34%  when  the  value  was  close  to  13.3  V. 
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Fig.  14.  Effect  of  load  bank  on  power. 
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Fig.  14  showed  the  effect  of  load  bank  on  power  setting  and  the 
changing  range  was  1/147  =  0.68%.  According  to  the  above  analysis 
for  load  bank,  the  fluctuating  current  from  load  bank  caused  the 
power  variation. 

4.  Conclusions 

A  portable  SOFC-based  hot  zone  producing  maximum  163  W  of 
electric  power  from  propane  was  successfully  demonstrated  and 
evaluated  for  startup,  VI/VP  characteristics  and  1000-h  continuous 
test  of  long  term  durability.  Based  on  thermodynamics  analysis, 
the  electromotive  force  of  nickel  oxidation  is  13.2V  for  the  stack 
voltage  at  stack  temperature  of  740  °C.  Comparing  different  evalu¬ 
ating  modes  for  the  stack,  the  degradation  rate  based  on  constant 
current  mode  was  three  times  lower  than  that  using  constant  volt¬ 
age  mode.  The  stack  power  initially  increased  3.7%  during  the  first 
34  h  due  to  activation  processes  improving  cell  performance  under 
polarization,  and  then  gradually  decreased  at  a  rate  of  1.7%  per 
1 00  h  until  the  3 1 3th  h  at  a  constant  current  of  1 1  A.  From  the  initial 
current-power  performance  data,  it  can  be  derived  that  if  operat¬ 
ing  the  durability  from  the  beginning  at  a  constant  current  of  9  A, 
the  stack  degradation  rate  would  be  15%  per  lOOOh.  It  has  been 
clearly  illustrated  that  operating  condition  of  constant  current  was 
more  beneficial  to  long  term  test.  The  1000-h  long  term  test  and 
analysis  can  help  understand  how  to  run  longer  term  stability  on 
thermally  self-sustained  hot  zone  employing  a  propane-powered 
SOFC  as  a  core  component,  and  offers  guidance  in  the  optimization 
of  hot  zone  operating  conditions  in  the  portable  system. 
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